Magnetic particle hyperthermia is a promising cancer therapy, but a typical constraint of its applicability is localizing heat solely to malignant regions sparing healthy surrounding tissues. By simultaneous application of a constant magnetic field together with the hyperthermia inducing alternating magnetic field, heating focus may be confined to smaller regions in a tunable manner. The main objective of this work is to evaluate the focusing parameters, by adequate selection of magnetic nanoparticles and field conditions, and explore spatially focused magnetic particle hyperthermia efficiency in tissue phantom systems comprising agarose gel and magnetic nanoparticles. Our results suggest the possibility of spatially focused heating efficiency of magnetic nanoparticles through the application of a constant magnetic field. Tuning of the constant magnetic field parameters may result in minimizing thermal shock in surrounding regions without affecting the beneficiary thermal outcome in the focusing region.
Introduction
Hyperthermia is widely accepted as an adjuvant cancer treatment modality, offering several modes for heating, such as microwaves, photodynamic therapy, radio frequency, and ultrasound with different success rates. [1] [2] [3] [4] [5] The approach of combining an external radiofrequency electromagnetic eld with magnetic nanoheating carriers, widely known as magnetic particle hyperthermia (MPH), is a strong candidate with great prospects. [6] [7] [8] Materials research on magnetic hyperthermia agents is mainly devoted to iron oxide nanoparticles because they are biocompatible and they follow a well-known metabolic pathway in the human body. 9, 10 Specically, iron oxide magnetic nanoparticles with superparamagnetic behaviour (MLF AS, MagForce Nanotechnologies AG, Berlin, Germany, 15 nm) have been approved for clinical trials on patients with glioblastoma multiforme [11] [12] [13] [14] or prostate cancer. 15, 16 In addition, MNPs may be used in multifunctional aspects in medical imaging and provide important information for diagnosis and therapy. [17] [18] [19] Currently, there are ve commercially available MNP preparations exploited in magnetic particle imaging (MPI) such as Perimag (micromod Partikeltechnologie, Rostock, Germany), FerraSpin-R (nanoPET-Pharma, Berlin, Germany), uidMag-D 50 (chemicell, Berlin, Germany), Ferucarbotran (Meito Sangyo, Nagoya, Japan) and SEONLA-BSA (SEON group, Erlangen, Germany). 20 Earlier applications of MPI focused on vascular imaging such as 3D imaging of a beating mouse heart using commercial nanoparticle suspensions, like Resovist, composed of super-paramagnetic iron oxide MNPs. 21 Furthermore, studies have shown that synergies between magnetic particle imaging and magnetic hyperthermia goes through the design of better scanners and an improvement of the current resolution. 22, 23 Thus, magnetic nanoparticles make themselves most important candidates in cancer diagnosis and treatment in MPI and magnetic hyperthermia, respectively. 24 Since a typical problem in the implementation of magnetic particle hyperthermia is its difficulty to selectively localize heat without potentially damaging the surrounding healthy tissues, experimental work has been directed towards the concept of constant magnetic eld application (currently employed in MPI), in order to reduce the risk of overheating the healthy tissues while potentially proposing a novel multifunctional (MPI + MPH) theranostic platform. 25, 26 Moreover, Murase et al. studied the role of a constant magnetic eld applied in magnetic resonance imaging (MRI) in combination with MPH in order to target the MNPs in specic areas deep in a body. They found that combining MRI and MPH may increase the efficiency of the latter, due to the temperature rise being controlled by the constant magnetic eld of MRI reducing the damage in healthy tissues. 27 Theoretical studies have also shown that the presence of a constant magnetic eld may affect MPH features. 28, 29 The heat generation mechanism can be netuned by varying the alternating magnetic eld amplitude with respect to the concurrent application of a constant magnetic eld (constant magnetic eld). A small magnetic eld, of only 40 mT, appears sufficient to cancel out the heating effect of the nanoparticles. 30 However, most of the studies to date are limited only to superparamagnetic particles, without evaluating the parameters to tune spatial heating e.g. by varying the size of MNPs. Particle size is a crucial efficiency moderator in hyperthermia. [31] [32] [33] [34] [35] [36] With respect to MNP size, the magnetic heating efficiency mechanism relies on hysteresis and/or relaxational losses when MNPs are subjected to an alternating current (AC) magnetic eld. 37 As the size of MNPs increases, a coercivity eld together with magnetization evolves giving rise to much stronger eld-particle interactions. Eventually, the heating efficiency may amplify by switching from superparamagnetic to ferromagnetic particles, for which a well-dened hysteresis loop area is formed. 38, 39 Ultimately, on the clinical side, a key challenge is to have a reliable and versatile temperature monitoring system. Here, we present a method for obtaining a spatial thermal distribution by incorporating a constant magnetic eld setup into a typical MPH system as depicted in Fig. 1 .
A setup of 2 or 4 commercial NdFeB magnets xed on a clear perspex plate creates the constant magnetic eld. The outline of the permanent magnets is illustrated with dashed lines in Fig. 1 . The setup may be placed on or off centre of the sample vessel surrounded by the hyperthermia coil, generating the AC eld. In either case the sample is subjected to the addition of the two eld vectors (AC and constant magnetic eld). The direction of the magnetic eld is shown in Fig. 1a with solid line arrows. The green colour corresponds to the rectangular magnets while the red colour to the cubic magnets. In the central region, the constant magnetic eld magnitude may be attenuated according to magnet arrangement and an area where its value may be safely approximated to zero arises. This area is called the eld free region (FFR). It is possible to change the FFR geometry using an appropriate number of magnets, eld magnitude and orientation. By the simultaneous application of the AC and constant magnetic elds, the spatial thermal distribution may be realized in two areas as follows: (1) FFR area, where the constant magnetic eld is zero, and (2) saturation region (SR area), where the constant magnetic eld is maximum. In the FFR region, MNPs experience solely the AC hyperthermia eld, resulting in maximum AC heating. The magnetization of MNPs can oscillate between +M and ÀM at the AC magnetic eld frequency and allow the delivery of heat to their surroundings (Fig. 1b ). The magnetization of MNPs can change only in response to the AC eld, because the constant magnetic eld is so weak in the FFR region, causing maximum heating efficiency. In contrast, in the SR area, where the sample is off the FFR region and closer to the magnets, the oscillating eld does not signicantly change the magnetization of the MNPs, which remains saturated (Fig. 1c ). The constant magnetic eld is strong enough to keep the MNP magnetization in a saturated state. This situation results in a minimal energy release by the MNPs.
The specic loss power index (SLP) is a quantiable measure of the heating efficiency of MNPs and will be used to evaluate the heating response of the systems under study. In all cases, we selected to use phantom systems consisting of agarose gel with MNPs homogenously dispersed, mimicking human tissues, to have a more realistic performance perspective.
In order to study the efficiency of a focused magnetic particle hyperthermia system, we examine the SLP variations in two different geometrical magnetic congurations and on three different phantom samples based on three iron oxide (Fe 3 O 4 ) magnetic nanoparticle systems namely 10, 40 and 80 nm. Thus, we will be able to provide information of the focusing effect for the three major MNP categories, i.e., superparamagnetic (SPM), single-domain (SD), and multi-domain (MD). 8 Despite the fact that the distinction between the three regions is not sharp, we may safely regard the 10 nm MNPs as a typical SPM system, the 40 nm MNPs as a typical SD system and the 80 nm MNPs as an MD system. The FFR and SR areas are presented for two different congurations of constant magnetic elds while the MNP heating efficiency is studied when AC and constant magnetic elds are applied simultaneously. This study provides a principle for the heating of an adaptable spatial area inside a biological body. This may be exploitable with necessary modications in clinical practice in the future, making magnetic hyperthermia a modern cancer treatment modality by achieving controllable heating while sparing healthy tissues.
Experimental

Synthesis and characterization
Magnetic particle hyperthermia experimental sequences were carried out on phantom samples, comprising magnetic nanoparticles dispersed in an agarose matrix. Initially, three different iron oxide NPs with average core diameters of 10, 40 and 80 nm were synthesized by the aqueous co-precipitation of ferric and ferrous salts under alkaline conditions at high temperature, as previously described. 40 It should be noted that the inuence of the anions on the formation of iron oxides and the reagents used has a signicant impact on size increase, creating iron oxide MNPs from 10 to 80 nm in diameter. Secondly, the designated mixture of the iron oxide MNPs (4 mg) and agarose (10 mg) was dissolved in 1 mL of deionized water, sonicated for three minutes and then placed in a water bath of 84 C for ten minutes, so agarose could fully liquify and the sample could get homogenized under continuous stirring with respect to the MNP distribution. Finally, the solution was le to cool down under ambient conditions to provide agarose samples of 10 mg mL À1 with a concentration of 4 mg mL À1 iron oxide MNPs.
Magnetic hyperthermia
The magnetic particle hyperthermia experiments were performed using a 1.2 kW Ambrell Easyheat 0112 system providing alternating magnetic elds of 375 kHz and variable amplitudes between 10 and 70 mT. During the experimental sequence, the temperature was recorded every 0.4 s by using a GaAs-based bre optic probe immersed in the sample. Eqn (1) estimates the heating efficiency of nanoparticles quantied in terms of specic loss power index (SLP), which determines the power dissipation per unit mass of magnetic material (in W g À1 ) by using the following formula and a rigorous standardized procedure: 41
where c p is the volume specic heat capacity of the sample, m f the mass of the dispersion, m MNPs is the MNP mass and DT/Dt is the value of the maximal slope at the initial time aer switching on the alternating magnetic eld.
Computational procedures
In order to evaluate and visualize the FFR parameters of the two different experimental setups we used a nite element method to simulate the constant magnetic eld distribution. The two different experimental congurations of permanent NdFeB magnets 42 capable of generating a strong constant magnetic eld were simulated by using commercial soware COMSOL Multiphysics (v.3.5a). The rst 3D geometric model comprised two rectangular parallelepiped magnets (4.5 Â 3 Â 1 cm 3 ) placed opposite to each other, while the second was a quadrupole with four cubic magnets (2 Â 2 Â 2 cm 3 ). The "AC/DC magneto-statics, no currents" application mode, which handles magnetic elds without currents, 43 was used for calculating the resulting magnetic ux density in a 3D computational domain. When no currents are present, the problem is easier to solve using the magnetic scalar potential V m related to the permanent magnet magnetic eld H using the formula H ¼ ÀVV m . 44 At the boundaries of the computational domain, we apply the magnetic insulation condition that sets the normal component of the magnetic ux density B to zero. This boundary condition is useful at these boundaries conning a surrounding region of air while the continuity boundary condition was applied at the magnet boundaries. This is the natural boundary condition ensuring the continuity of B in all the computational domains studied. 45 This application mode solves the equation
where m 0 is the permeability of vacuum, m r is the relative permeability of the NdFeB magnet which is equal to 1.05, 46 and B r is the remnant magnetic ux density varying from 0 to 1.2 T, from the outside to the inside of the magnet, respectively. This equation assumes the following constitutive relationship between B and H
By implementing this method, we visualize the spatial distribution of the magnetic eld magnitude and direction, together with the position of the FFR, which is dened as the region where the magnetic eld magnitude is more than two orders of magnitude lower than the maximum magnetic eld observed on the edge of the magnets.
Results and discussion
Structure and magnetism
Transmission electron microscopy (TEM) imaging was used to examine the morphology and the polydispersity of the synthesized MNPs. More specically, we found out that the average particle diameters of the three samples were 10 AE 2 nm, 40 AE 5 nm and 80 AE 10 nm. As we have observed in a series of TEM images, MNPs are roughly spherical ( Fig. 2a ) and with respect to their size we may have bigger discrepancies in the shape as aggregates are formed ( Fig. 2b and c) , due to the aqueous coprecipitation method of synthesis and the absence of surfactants during it. 47 In addition, X-ray diffraction patterns (XRD), shown in Fig. 2d , outline the existence of iron oxide typical reections detected in all cases.
Room-temperature hysteresis loops were recorded in order to analyse the magnetic features of MNPs. As depicted in Fig. 2e , growing the size of MNPs resulted in an increased magnetic saturation M s from 27 A m 2 /kg to 88 A m 2 /kg, approaching a corresponding bulk value of $90 A m 2 /kg. 48 Another important parameter, which determines the magnetic features, is the coercivity eld H c . H c also increases with the MNP size. More specically, it reaches a maximum value of 0, 2, and 20 mT for the MNPs with sizes 10, 40 and 80 nm, respectively, as shown in the inset of Fig. 2e . These results suggest that, as initially assumed, the 10 and 40 nm MNPs exhibited SPM and SD behaviour, respectively, in good agreement with relevant review studies. 8, 49, 50 Additionally, 80 nm MNPs safely reside within the MD region, with respect to their magnetization and coercivity as relevant studies on iron oxide MNPs have reported. 51 Magnetic particle hyperthermia Size effects. The magnetic features of MNPs are crucial parameters since they directly affect hysteresis losses which in turn may govern magnetic heating efficiency. Fig. 3 shows the experimental results of the heating efficiency for various values of the AC eld (40, 50, 60 and 70 mT) for the three phantom samples. In this case, the frequency was kept constant at 375 kHz. The experimental results show that the SLP value is proportional to the applied magnetic eld strength and the MNPs with a bigger size possess higher SLP values.
To unravel the heating efficiency, we correlate the results with the magnetic measurements. In the case of small particles, namely 10 nm, the heating efficiency increases from 25 to 85 W g À1 depending on the eld. The magnetization is lower than the bulk magnetite and the H c value is zero. That means that the SLP values are below 100 W g À1 even under the maximum applied dominant phase. MNPs present no hysteresis, as expected, and their heating mechanism is mainly attributed to relaxation losses. 52 This result is qualitatively similar to what has been reported in previous studies, which have shown that the SLP values are very low due to the small size. 40, 53 If we increase the size from 10 to 40 nm, the SLP value becomes approximately four times higher. More specically it varies from 80 to 320 W g À1 for the lower and higher elds, respectively. Additionally, the two-fold magnetization increase from 27 to 62 A m 2 /kg, due to the SD behaviour, is apparent. Nemati et al. have shown the same behaviour for nanoparticles with a diameter of approximately 54 nm. 54 We can observe that in the MNPs with the biggest size (80 nm) the magnetization reaches a maximum value of 88 A m 2 /kg, due to the MD behaviour, increasing the SLP values to reach 110 to 550 W g À1 for AC eld amplitudes of 40 to 70 mT, respectively. These results indicate that the key to controlling the heating efficiency is the magnetization of MNPs. Such relationships between the MNP magnetic behaviour and heating efficiency have also been reported in previous studies, where the linearity between the hysteresis loop area and SLP value is veried both theoretically 55,56 and experimentally. [57] [58] [59] Combinations of AC and constant magnetic elds. The two different permanent magnet arrangements shown in Fig. 1 result in diverse spatial magnetic ux density distributions, which include FFRs of different sizes and shapes, as shown in Fig. 4 , which depicts on a logarithmic scale the normalized to maximum magnetic ux density distributions.
As shown in Fig. 4 , the workspace is an 8 Â 5 cm 2 area split into een regions (x-y axis) according to the visualized geometry of the FFR. An appropriate alternating eld inside the circular area may be simultaneously applied. Thus, the phantom sample was moved within the workspace at 15 spots to undergo combinatory eld applications.
The coloured scale bar in Fig. 4 corresponds to the magnetic ux density of the constant magnetic eld, on a logarithmic Fig. 3 Heating efficiency expressed by SLP value dependence on the hyperthermia field amplitude for different diameters of iron oxide MNPs (blue -10 nm, green -40 nm and red -80 nm) at a frequency of 375 kHz. On the right vertical axis, saturation magnetization and coercivity values are given for each MNP diameter. Fig. 4 Simulation of the constant magnetic field configurations used to achieve spatially focused magnetic particle hyperthermia. (a) Two rectangular parallelepipeds, permanent NdFeB magnets, and (b) four cubic permanent NdFeB magnets. The rainbow-colored shades represent the normalized to maximum magnetic flux density given on a logarithmic scale (dB), while the black arrows depict the direction of magnetic field lines. The workspace (3 Â 5 dotted squares corresponding to an area of 8 Â 5 cm 2 ) is located between the magnets and is outlined with (blue) dotted lines. The workspace includes the FFR, which is drawn with a (red) dashed line. The constant magnetic field setup may be adequately positioned so that the sample is eventually centred in any of the 15 different workspace squares and subjected to both AC and constant magnetic fields.
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This journal is © The Royal Society of Chemistry 2019 scale, while the black arrows correspond to the magnetic ux density vectors. In the rst eld conguration (Fig. 4a) , two rectangular shaped magnets (4.5 Â 3 Â 1 cm 3 ) are placed 8 cm apart facing each other. Total magnetic ux density values were estimated numerically by using Comsol Multiphysics v. 3.5a, showing the occurrence of an area with practically zero constant magnetic eld (a value of À25 dB which corresponds to a two orders of magnitude decrease with respect to the magnetic eld value on magnet's edges), the so-called FFR. In Fig. 4b an alternative setup of four cubic magnets (2 Â 2 Â 2 cm 3 ) is used resulting in a different FFR shape as shown.
Focusing effect. At each of the 15 spots of the workspace the alternating magnetic eld of 375 kHz was varied between 40 and 70 mT. Fig. 5 shows a representative set of hyperthermia curves for the case of 70 mT/375 kHz AC magnetic eld for the three samples under study (10, 40 and 80 nm respectively). The rst part of the curve corresponds to the heating stage (600, 600 and 170 s for 10, 40 and 80 nm respectively). Thereaer, the cooling curve is recorded for ample time (i.e. $600 s), resulting in a characteristic exponential decay form, till the sample returns to its initial temperature. The hyperthermia window is between 41 and 45 C as depicted in Fig. 5 with the shaded areas. Blue curves correspond to the three central spots of the workspace where the constant eld magnitude varies from 0 to 10 mT. Accordingly, orange curves correspond to the region from 10 to 75 mT and red curves to the region from 75 to 200 mT respectively. Fig. 6 depicts the heating efficiency dependency, in terms of SLP index, on the constant (DC) eld magnitude. The horizontal colour scale bar depicts the constant magnetic eld magnitude. We observe that inside the FFR region, where the magnitude of the constant magnetic eld is almost zero, nanoparticles reach their maximal heating efficiency, due to the absence of the constant magnetic eld. Moreover, the SLP value increases with the AC applied magnetic eld inside the FFR region. More specically, the SLP values vary from 25 to 85 W g À1 , 82 to 315 W g À1 and 135 to 555 W g À1 with an AC magnetic eld amplitude of 40 to 70 mT, for the 10, 40 and 80 MNPs, respectively. It is interesting to note that these results match well with those of the AC magnetic eld alone (Fig. 3) , which means that the constant magnetic eld does not affect the SLP values inside the FFR region. Due to the absence of the constant magnetic eld the magnetization of the MNPs freely rotates with the alternating eld, when residing within the FFR, giving a sinusoidal magnetization time response that triggers the heating mechanisms irrespective of the nanoparticle size (relaxation or hysteresis losses).
In contrast, if we increase the magnitude of the constant magnetic eld, the SLP value decreases rapidly. More specically, by increasing the magnitude of the constant magnetic eld up to 10 mT, it can be observed that the heating efficiency decreases by 60 to 80% depending of the size of MNPs. If we increase more the strength of the constant magnetic eld, approximately between 75 and 200 mT, the nanoparticles enter the SR region. The presence of a strong constant magnetic eld aligns the MNP magnetizations with its direction with the AC magnetic eld causing only minor oscillations in the magnetization response and thus magnetic heating mechanisms are cancelled out. This situation leads to a great reduction in the SLP value by about 100% for all size cases under investigation. Thus, a constant magnetic eld of 75 mT seems sufficient to completely saturate the magnetization of the specic MNPs that we used in this study and suppress their heating efficiency in an external AC eld. Such results are in good agreement with previous studies, [16] [17] [18] where under the inuence of a constant magnetic eld, up to 25 mT, MNPs were demonstrated to be saturated outside the FFR leading to focused and selective heating within the FFR, thus making them ideal agents for theranostic applications.
Nowadays, in potential theranostic platforms, magnetic nanoparticles may also be implemented to provide monitoring of diseased regions. Thus, if adequately functionalized, magnetic nanoparticles may provide magnetic hyperthermia while simultaneously acting as an MRI contrast agent.
Even for a relatively small constant magnetic eld magnitude (10 mT), an almost 70% decrease occurred in the SLP values for all the MNP systems studied, while for higher constant eld magnitude values (occurring as we approach the magnet's edges), where the constant magnetic eld is equal to 200 mT, the SLP gradually tends to zero. By using a constant magnetic eld, we observed that MNP heating response changed and selectively focused into the FFR, where the SLP values appear unaffected. In contrast, outside the FFR region the MNPs experience competing torques acting on them when the direction of the alternating eld is opposite to the constant magnetic eld, slowing down particle alignment, but also the action of additive torques speeds up the alignment process, when the static and alternating elds are in the same direction. For the case of the ferromagnetic 40 and 80 nm MNPs, this induces an asymmetry to the shape of the hysteresis loop that results in a decrease in its area. 60, 61 For the case of the SPM 10 nm MNPs, the presence of the constant magnetic eld changes substantially the magnetization relaxation time and dynamics leading to reduced MNP heating efficiency. 62, 63 
Discussion
To better understand the strong inuence of the constant magnetic eld on the SLP index, we mapped the SLP spatial distribution by taking individual SLP measurements following eqn (1) in specic positions, dened at the working space illustrated in Fig. 7 .
A contour plot of SLP values that resulted aer the experimental measurements was obtained inside the workspace at the 15 spots according to the geometry of the FFR. The SLP values increased in the range from minimum to maximum with the blue-red colour, respectively, as a function of the distance from the permanent magnets. The range of experimental data varied from 0 to 275 W g À1 while the applied AC eld was kept constant at 50 mT and 375 kHz. Experimental results were taken for the biggest size of nanoparticles (80 nm) using the two different constant magnetic congurations. The contour plot shows clearly that, for both permanent magnet setups, the MNP heating efficiency can be spatially focused inside the FFR region. The MNPs appear to be fully saturated outside the FFR region, due to the presence of the constant magnetic eld, leading to a minimization of their heating efficiency while inside the FFR region maximum heating efficiency was observed in the absence of the constant magnetic eld. Even in the presence of relatively small (from 10 to 75 mT) constant magnetic elds, SLP values were approximately 70% decreased while stronger (above 75 mT) constant magnetic elds succeeded in attenuating the MNP heating efficiency. A clinical application of such a magnetically driven treatment typically starts with the direct injection of the corresponding carriers i.e. the magnetic nanoparticles straight into the malignant region. Generally, when magnetic nanoparticles are subjected to an inhomogeneous magnetic eld, they tend to move to areas of a higher magnetic eld due to eld gradients. However, nanoparticles in vivo are internalized by cells by endocytosis and reside in membrane-bound vesicles, known as endosomes, right aer endocytosis. 64, 65 Cell magnetophoresis, a crucial issue for the clinical practice translation (analogous to cell electrophoresis), may occur 66 with a very small average velocity of cells (3 mm s À1 ) in a gradient of 18.5 mT mm À1 , which is however much larger than the gradient eld in our experiments (5 mT mm À1 ).
By implementing the two different setups of magnets, the shape of the targeted hyperthermia region may vary accordingly, following the constant eld strength variation as shown in Fig. 4 with a limited "targeted" area region e.g. of 1.5 Â 5 cm 2 (Fig. 7) . The constant magnetic eld in the FFR region is so weak that aer the injection the nanoparticles remain practically stable at their positions, delivering their maximum heat cargo. Such an application was tested in vivo by Tasci et al. 67 where 10 nm iron magnetic nanoparticles were (a) injected and found to be homogenously distributed in adult mice tails (mimicking bone and skin muscle tissues) and (b) exposed to an AC eld of 7.6 kA m À1 , 80 kHz in combination with three different static elds for 25 min. Eventually, regional burning was tuned by adequately varying the magnetic eld strength.
Consequently, such an application scheme, provided that adequate tuning is achieved with respect to certain tumour morphological features, promotes spatially focused MPH, without compromising the heating efficiency of MNPs, but sparing the surrounding healthy tissues. Since the DC eld application is a prerequisite for image formation in MPI, such an approach has potential theranostics applications.
Conclusions
In this study, we propose two alternative experimental setups that spatially focused magnetic particle hyperthermia with the concurrent application of a constant magnetic eld generated using two different congurations of permanent NdFeB magnets. These setups generate an FFR which can be manipulated in shape and size according to the magnetic eld distributions. We investigated the effect of the constant magnetic eld magnitude on the SLP and then evaluated the feasibility of controlling the SLP values using the FFR in various combinations of alternating and constant magnetic elds. Our results demonstrate that it is possible to spatially control the temperature rise in magnetic particle hyperthermia using the proposed approach. Since the energy dissipation and temperature rise in magnetic particle hyperthermia largely depend on the size of MNPs we examined three distinctly different magnetic behaviour cases with respect to iron oxide MNP diameters ranging from superparamagnetism, for a diameter of 10 nm, to multidomain ferromagnetism, for a diameter of 80 nm.
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